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Introduction
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A review of advances in parachute technology is contained in this
Technological advances in parachute design and performance are made
possible by a variety of factors, including a better understanding of how
parachutes work, new predictive tools such as computer design codes,
advances in materisl technology, and new ideas-in configuration and usage.
New developuents in each of these areas will be sumasrized.
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Advances in Parachute Design and Performance Trediction Codes

The inflating parachute is among the most difficult aerodynasifc systems
tv model. The oncoaing flov is time dependent (because the parachute decel-
srates the payload) and asymmetric. Oncoming velocities can be supersonic,
transonic, subsonic, or combinations of these speed ranges. The turbulent
wake genersted by the payload flows into the parachute causing a reduction
in parachute drag and stability. The boundary conditions for the flow are
determined by the parachute itself, yet its shape is determinad by the pres-
sures generated by the flov field. The flow field behind the canopy is
separated, and air passes through the canopy for parachutes with geomstri:
snd/or material porosity. On some parachute systems, the air behind the
canopy can catch up to the parachute/payload combination and cause the para-
chute to lose drag and collapse. Pressure distributions across the canopy
are needed to define material strengths and stresses. Finally, the motion
of the payload and parachute(s) relative to the ground must be calculated in
order to estimate performance of the parachute system.

With such a formidable list of difficult aerodynanic problems that are
fundamental to the operation of a parachute, it is not surprising that aua-
lytical or numerical modeling of parachutes wvas bypassed in favor of empiri-
cal design methods for many years. Modern computers have made it feasible
to cons.ider development of numerical models of parachute inflation. How-
ever, we are still limited in wvhat can be modeled by our understanding of
vhat should be modeled; bigger computers cannot be utilized properly until
wve achieve greater insight into the governing physical processes which con-
trol the inflation of a parachute. Purvis’ paper on parachute dynamics
modeling in these course notes (Ref. 1) describes the events on parachute
inflation in greater detail and references approximate models of inflation,
structural loads, and differential canopy pressure distribution which appear
in the literature. A fev recent additions to the parachute modeling litera-
ture are suzmarized below.

Sundberg has developed a new computer code to analyze the structure of
radially symmetric parachutes. The new code is called CALA (for CAnopy
Loads Analysis) and is a significant improvement in ease of use and {n con-
vergence compared to its predecessor, the CANO code (Refs. 2, 3). The ]
finite element approach of CANO is used in CALA, but the equations have been
reformatted and the method of solution has been changed, resulting in reli-
able convergence to physically meaningful solutions for all ribben, solid,
and ringslot-solid parachute canopies attempted to date. Details of the
governing equations and their solution are given in Ref. 4. Figure 1 shows
good agreement between CALA predictions of parachute shape and data obtained
in a wind tunnel test of 3-ft-diameter parachutes (Refs. 5, 6). The CAlA
code 1is operational and has been used to design every new parachute system
at Sandia since its development.

Strickland (Ref. 7), McCoy and Verme (Ref. 8), and Shirayama and
Kuwahara (Ref. 9) are developing vortex methods for predicting parachute
aserodynamics, including parachute drag, canopy pressure distributions. and
the vake flow field behind the parachure. Steeves (Ref. 10) is attempting
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to predict the same decelerator characteristics by solving the Navier-Stokes
Equations. Recently, Strickland has sade caslculations of the two-
dimensional incompressible flow around circular arcs, assuming potential
flov and modeling the surface of the circulsr arc as & series of quadrilat-
sral vortex panels. In addition to the vortex filaments which describs the
surface of the arc, vortex panels are released into the wake behind the arc.
The flov 1s started impulsively from rest vith no wake vorticity. At sub-
sequent times, vorticity is shed from separation points to form the wake
behind che parachute, vhile the strength of the vortex filaments on the arc
is changed to satisfy the normal velocity condition at each control point on
the surface. The velocity approaching the arc can be a function of time, as
is the case for a parachute.

Good agreement has been obtained between Strickland’s calculations and
an experiment by Sarpkaya for a 120-degree circular arc. The arc was sub-
jected to the velocity history shown in Fig. 2 in Sarpkaya’s water facilicy
at the Naval Postgraduate School. Strickland made vortex panel calculations
vhen the oncoming velocity was constant (Time "A" on Fig. 2) immediately
after the oncoming flow began to decelerate (Time *B”) and well after after
flov deceleration was initiated (Time "C"). Figure 3 shows the calculated
loci of vortex filaments in the wake of the 120-degree arc at sach of these
times; these calculations agree with flow visualization photographs taken by
Sarpkaya. Calculated pressure coefficients on the base of the 120-degree
arc (Fig. 4) show regions vwhere the wake has recontacted the arc and is
actually pushing it from behind. These calculations give hope that vortex
panel methods may some day be able to predict the onset of parachute wake
recontact and canopy collapse.

The advent of numerical models of parachute serodynamics should not be
construed as the last days of semi-empirical prediction techniques. Semi-
empirical models are extremely useful as design tools because they require
much less cowputer memory and execution time. The goal for developing semi-
empirical parachute prediction techniques must be to find the right level of
empiricism vhich allows a wide vaciety of parachutes to be modeled over a
zeasonable range of release conditions with acceptable sccuracy without
requiring the parachute designer to adjust empirical parameters in order to
obtain valid results. In support of the continuing development of semi-
enpirical prediction codes at Sandia, Purvis is developing an extensive
parachute data base using carefully controlled parachute models in a low
speed wind tunnel. The purposes of his study are to use experimental data
to {dentify the governing physicsl phenomena underlying parachute perfor-
mance, as well as to format the data in a mainer that extends its applic-
ability. Reference 11 presents the first results of his experiments on the
effects of inflated diameter, geometric porosity, reefing line length, and
nunber of gores on the drag and radial force of solid and ribdbons para-
chutes. This work is a first step in defining a complete data base for flat
circular and conical ribbon parachutes.
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Advanced Naterials Developmsnt

For the last 40 years or so, the predominate material used 1a the fad-
rication of parachutes and most other decelerators has been nylon. Type 66
nylon, the fiber currently being produced for parachutes in the U.S., is
required by the Military Specificatiins for both broadgoods and narrov tapes
and webbings. Other fibers are also being produced that have application in
the design of parachutes and recovery systems. This section will briefly
dascribe some of the recent work at Sandia National Laboratories wvith para-
chute materials.

Rylon

Although s wide range of nylon tapes and webbings are available commer-
cially and through the Mil-3pecs, Sandia has designed some 2-inch-vide
ribbonis to meet program requirements for ribbon parachutes. Two that are
currently being woven have reinforced selvage and a breaking strength of
1000 1bs and 550 1bs. Although there is a Mil-Spec 1000-1b ribbon, the
porosity is very high and caused inflation probleas in the development of a
large parachute. The 350-1b ribbon fills a gap in the current Mil-Specs and
is very efficient, weighing about 408 less than the Mil-Spec 460-1b flat
ribbon. Sandia is also considering the development of a family of 2-inch-
wide ribbons that are more resistant to shrinkage than the ribbons currently
avallable in the U.S., but not much work has been completed as yet.

Recent requirements for large solid parachutes have required a serious
look at nylon.broadgoods, particularly materials with very low porosity.
There are no Mil-Specs that describe these fabrics although the U.S. Forest
Service has some specs for the parachutes used by the smoke lumpers. Our
requirements are for materials with a porosity of about 5-20 ft?/ft?/min and
strengths of 90 lbs/in and 45 1lbs/in. The desired weights are 2.0-2.2 and
1.0-1.1 oz/yd?, respectively. Several different weaves will be investigated
to develop the most efficient material that will meet the low porosity re-
quirement with minimum calendaring. Specifications will be written to con-
trol all phases of production of the fabric including the fiber, the greige
goods, and the finishing. In addition, the specs vwill require enough test-
ing to insure the quality of the material.

One other current broadgoods requirement is for a material similar to
the 1.1 oz/yd? Mil-C-7020 Type 1. Ve will also determine if there are more
efficient weaves that will meet this requirement. The goal of this develop-
sent program is to produce material that will meet the requirements with
known high quality.

It should be mentioned that the U.S. parachute industry has been
plagued with Mi1-C-7020 Type 1 and 1A material that does not meet the specs.
A condition first named "mystery varp”™ but nov called "sbraded warp® was
present in a large quantity of material and caused a stringth loss as high
as S08. The materisl was used to manufacture a large number of parachutes
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vhich the government {s refusing to accept. This has resulted in consider-
able litigation and also has increased the requirement for stringent accept-
ance inspection of the fabric. The present inspection is done visually, but
thers {s a pos..bility the inspection can be accomplished by otheY means.

Savlax

Most nev materials development at Sandias in recent years has bsen {n
the Kevlar narrow fabrics. The narrov fabrics that are described in the
current Nil-Spec were developed with fiber efficiency as the primary goal.
As a tesult, it {s nearly impossible to sev a joint that has reasonadle
(80-908) efficlency in many of the materials. Several nev designs have
resulted from this problem {n addition to the newv designs to mest program
requirements. The design of Kevlar narrowv fabrics can be difficult, and
considerasble compromising is generally necessary to meet all of the require-
sents. A good, patient, developmental weaver is very helpful.

A discussion with Mr. Kostelezky in 1985 has led to a successful devel-
opment program that is almost completed. On one of our designs, a 400-1d,
3/8-inch-vide Kevlar radial had to be joined to a braided, 400-1b Kevlar
suspension line. The joint that was developed had an efficiency of about
80-858, vhich was acceptable, but was very difficult to sev and inspect to
insure the strength requirements would be met. Mr. Kostelezky was weaving
nylon that was flat and transitioned to a round weave, thus sliminating the
necessity for a sewn joint. A U.S. weaver, Bally Ribbon Mills, had also
tried this method some time ago wvith nylon and was able to weave Kevlar with
a transition from flat to round. Sandia Specifications are being written to
describe this material, and production vill start soon.

Sandia has not had any requirements for Revlar broadgoods for use in a
parachute drag surface, but 55-denier material has been successfully woven.

Qthex NMateriasls

One other new material that is being investigated by some weavers is
called Spectra 900 and Spectra 1000. The fiber is produced by the Allied
Chenical Company and is polyethylene based. Some of the characteristics are
shown in Fig. 5. This fiber has elongation similar to Kevlar but has very
poor strength cspability at slevated temperatures. However, the density is
less than Kevlar. Tests conducted to date indicate scceptable joint effi-
ciencies can be obtained with this material.

Conclusions

An extensive family of narrov fabrics is becoming available to the
parachute designer both {n nylon and Kevlar. Unfortunately, the situation
in broadgoods is not as good, and the designer must exercise csution when
using these materials.
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A Bev Parachute Canopy Configurstiecn

A nev parachute configuration (Ref. 12) has been designed and tasted in
Tesponse to these stringent performance and weight requiresents:

Payload weight - 3130 1bs

Rate-of-descent - 25 ft/sec at 5000-ft pressure altitude
Maxiwum load applied to payload - 20,000 1lbs

Deployment velocity - 100 ft/sec to 300 KEAS

Deployment altituds - sea lavel to 18,600 ft

Maximun oscillations - 10 degrees from vertical

Pack weight - 120 1bs (90 1lbs for the parachutes)

Pack volume - 2.9 fc?

Dus to the placement of the recovery parachute in the payload, every
deployment will be crosswind. To mset the requiresents at the 100 ft/sec
deployment conditions, the parachute system must be fully inflated seven
seconds after the start of deployment.

The 25 ft/sec terminal velocity requires a drag area of 5000 ft2. Also
the depl nt velocity range means a variation in dynamic pressure between
10 1bs/ft? and 300 lbs/ft?. These requirements preclude the use of a large
single parachute systeam due to the long inflation at the minimum velocity
condition. As a result, development of a clustered parachute system vas
pursued to meet these requirements.

Since the parachute system must be capable of deployment at a dynamic
pressure of 300 lbs/fc? but have the highest possible drag coefficient, the
parachute vas designed as a 20° conical solid canopy with geometric porosity
in the vent arsa to control the initial loading. The porosity is provided
by 12-inch-wide rings, and the design is called a ringslot-solid canopy.
After a literature search, it was conservatively estimated that a drag coef-
ficient of 0.77 would be reasonable for this type of parachute. The basic
design parameters for the canopy are as follows:

Constructed diameter ...........cccu0.. 52.5 £t
Cone angle .........cccivinvennnnnenann 20°
Number of gores ...........c.ccnvennnnns 48
Number of rings .........ccivinennnnns 8
Width of rings ........ccievivinennennn. 12 inch
Width of spaces ..........cconieneenn.n. 1 inch

The suspension lines are 60-ft-long and attach to a 10-ft-long disper-
sion bridle for an effective length of 70 ft.

Siaulcaneity of inflation and even distribution of the drag force is
alvays a problens in a clustered parachute system. Based on tests conducted
at Sandia National Laboratories with other clustered parachute systems using
a8 new central reefing/disreefing system, a load distribution of 40%-408-20%
vas thought to be achievable, at least during the periods of high loads. As
a result, 8000 1bs was used as the design load for each parachute.




The parachute stress cods CANO was used to determine the required
strength of the materials for the parachute. Fullness vas added to the di-
mensions of the rings starting wvith 108 fullness at the upper adge of ring 1
(vent) and decreasing linearly to zero at the lover edge of ring 8. The
fullness significantly lowered the stresses in the ring material. The cloth
used for rings 1-3 was 2.25 oz/yd? nylon and the material used for the re-
maining ~ings vas 1.1 oz/yd? ripstop nylon. The rings are block construc-
tion. Tne solid part of the canopy is conventional bias construction using
1.1 oz/yd? nylon.

Since weight and volume are critical, the structure, with the exception
of the nylon vent reinforcement and a siamilar reinforcement at the upper
edge of the solid part of the canopy, are constructed from Kevlar materials.
The radials are 500-1b Kevlar tape and the suspension lines are 400-1b
braided Kevlar. The reefing ring retainers, pocket bands, and skirt rein-
forcement also are Kevlar.

To avoid exceeding the design load at 300 lbs/ft?, the i{ndividual para-
chutes must be severely reefed to between 1.5% and 3% of full-open drag area
during the first stage. Wind tunnel tests have indicated that, at such low
reefing ratios, skin friction drag (with some “flag drag”) {s the largest
contributor to the total drag. To minimize this contribution and increase
the pressure drag contribution, the parachutes are reefed with both radisl
and mid-gore reefing rings.

The parachutes as fabricated weighed slightly less than 30 1lbs.

Testing of this parachute system vas divided into two phases. The
first test series studied a single parachute with a vehicle weighing
1050 1bs to characterize the performance of the new canopy configuration dy
i{tself. After these single canopy tests were completed, the cluster of
three parachutes vere tested with a vehicle weighing 3300 1lbs. All of the
tests wvere conducted at the Sandia National Laboratories Test Range at
Tonopah, Nevada, from an A7 aircraft. The test vehicles were instrumented
to measure accelerations on three axes, and for the clustered parachute
tests, the load developed by each parschute was measured by individual load
cells. Two onboard cameras are used on each test vehicle. Cinetheodolites
were operated and reduced to obtain trajectory data. Documentary coverage
of parachute deployment, inflation, and stability was proviced by tracking °
telescope cameras.

The tests with a single parschute vere used to develop a reefing sched-
ule that meets the system requirements and controls the loads to be within
the structural capabilities of the parachute. Another {mportant objective
was to determine the drag coefficient for this type of parachute.

It became apparent after the first test that, at the very low first-
stage reefing ratio, the canopy was not {nflating properly and the drag was
being produced by "flag drag.” For the second test, the eight rings were
coated vith RTV gilicone to reduce the porosity. The inflation of the can-
opy vas much improved during this test. Subsequent parachutes were fabrica-
ted using a calendered, lov porosity material for the rings. The tests also




indicated that two stages of reefing would be requirad to avoid overloading
the parachuts.

The cluster of three 52.5-ft-diameter parachutes vas used on .the next
tests. For these tests, the parachutes were packed in an existing cylindr{.
cal deployment bag. The central reefing/disreefing systes was used on all
tests. The data from the first test {ndicated that the loads developed by
the individual parachutes during the first stage vers greater that the loads
generated by the parachutes during the single parachute tests. The length
of the first-stage reefing line was shortened to avoid overloading the can-
opy. Also, during this test series, the decision vas made to use only radi-
sl reefing on the second stage in an attempt to increase the inflation rate
when the parachutes are going to the second-stage and full-open condition.

Tests of other clustered parachute systeas have shown that tethering
the skirts of the parachutes together appears to offer some performance
advantages. If one parachute lags the others durirg full inflation, the
skirt of the slow canopy will be spread helping the inflation. Also, if the
overrunning wake contacts the parachute system, the skirt tethers allow the
wake to push the canopies aside without collapse and still control the rela-
tive position of the parachutes. Use of tethers with this parachute system
has been difficult since there is very little structure near the skirt with
sufficient strength to withstand the loads. Vent tethers have been used
with more success since the canopy is stronger in that area and a vent para-
chute is required to control the position of the vent immediately after
canopy stretch. ,

The flight tests have shown that the variable area vent cap does not
work as intended due to failure of the materisl during the sarly stages of
inflatfon. Weight and volume considerations prevent redesigning the vent
cap to vithstand the loads. The vent area of the parachute will be reduced
by adding a ninth ring above the present upper ring and placing a light-
weight, lov porosity sacrificial vent cover on the outside of the vent
lines.

Figure 6 shows the clustered parachute system during the first reefed
stage, Fig. 7 shows the system during the second reefed stage, and Fig. 8
shows the parachute system fully inflated.

The normal reduction of the cinetheodolite data includes the calcula-
tion of the position of the test vehicle as a function of time. Using this
position data, three components of velocity are determined. The two hori-
zontal velocity components are then corrected for winds using the wind data
measured for the test. Errors in the vind data can cause significant errors
i{n the vehicle velocity dats vhen the terminal velocity is low. An example
{s shown in Fig. 9. VA is the total vehicle velocity relative to the air,
{.e., the two "corrected” horizontal velocities have been added vectorially
with VZ. VZ is the vertical velocity component with no wind corrections
since it was assumed that there is no vertical wind. After about 15 sec-
onds, the test vehicle is in vertical terminal descent. If tliere was no
wvind at all during the test, the two velocities would be the same (the hori-
zontal velocity s zero assuning a stable parachute system with no gliding).
Since there is a considerable difference in the two wvelocities, it is
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assuned that the wind data used in the data reduction is incorrect, even
though the winds are measured as accurately as possible. ..
for these tests. tha average vertical velocity vas calculated by deter-
aining the altitude loss for a 10-second period vhen the vehicle is i{n temm-
i{nal descent. The average density for this time is used to calculate the
dynaasic pressure. The total weight of the vehicle plus parachute (or para-
chutes) is used to determine the average drag srea and then the drag coeffi-
cient. The parachute area is based on the constructed diameter. If the
test data allowed, more than one 10-second period was used and included in

the average.

Table 1 shows some of the data for the single parachute tests. As pre-
viously noted, there was no positive inflation during the second stage of
the first test. The drag coefficients listed were calculated as described
above. Since the parachute {s slightly unstable, the high values are prob-
ably the result of the canopy gliding during the terminal descent.

Table 2 shovs some of the data from the clustered parachute tests. The
loads listed for each parachute for each stage are the maximum loads devel-
oped and do not nacessarily occur at the same time. The loads measured by
the load cells for one of the tests are shown in Figs. 10 and 11. Figure 10
shows the first-stage load {n greater detail. The loads developed by the

Deploy Max. First Max. Seccnd Max. Full Avg. Terminal Average
fest pyn. Press. Stage Load  Stage Load Open Load Drag Area Terminal
0. “1bs/fi? “1ds ~1bs ~1bs “fed Cp femarks
vi-) 110 3150 - 3360 206 1.116 No positive second-
stage inflation
vi-2 120 3990 2310 3045 2392 1.105
V-3 . 254 6930 3360 3255 2873 1.153

Tadble 1. Results from Single Parachute Tests

Deploy Max. First Max. Second Max. Full Avg. Terminal Average
Test Dyn. Press. Stage Load Stage Load Open Load Drag Area Teruinal
No. “1bs/fe? - "lbs ~1lbs “lbs -t C
D
PIVI-1 136 $300 8250 3200 5574 .
5600 5000 5200 0858
4700 2000 2700
PIV3-2 m 3900 6000 6300 6801 0.986
3000 6000 4300
3700 3300 3200
PIVY3 252 7000 3500 3300 6113 0.9%1
6900 3000 $500
$600 3100 7000

Table 2. Results from Clustered Psrachute Tests

————
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parschutes during the first stage are vithin the assumed 408-408-20% load
distridbution dbut, during the second and third stages, one parachute lags the
other two and does not develop as much load as desired. The filn data
indicates that the lagging parachute {s alwvays the dottom parachute in the
cluster. This parachute is alvays experiencing the lowest velocity due to
the trsjectory of the vehicle. A lagging parachute {s acceptable from a
programmstic standpoint as long as the other requirements are met and the
structural capability of the parachutes is not exceeded.

The presently used 70-ft-diameter recovery parachute is packed in a
nylon deployment bag built to fit an irregularly-shaped parschute compart-
ment, as shown in Fig. 12. The density of the pack (about &0 1bs/ft?)
causes the pack to continually grow and change shape. As a result, the
parachute must be either {n a shipping container or in the crew module at
all times. The clustered parachute system wust conform to the irragulsr
shape of the storage compartment, which has four flat sides, a flat bottom,
and two flat planes on the top. Three parachutes hsve been packed in a
four-panel bag manufactured from Kevlar with longitudinal lacing in the
corners. This pack is shown in Fig. 13. Mechanical fixtures are neCessary
for production packing of the parachute system. The fixtures will assist
the packing crews in lacing the bag panels and shaping the pack to the final
required configuration. Experience with the prototype bag indicates that
the Kevlar materials will enable the systen to keep the shape without the
use of a special container.
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An Underwvater Parachute Systea and Flotation Bag

A recovery system has been designed to recover and bring to the surface
of the ocean a vehicle wieighing 640 1bs under vater and approximately
800 1bs in air. The vehicle has a terminal sink rate of 52-55 ft/sec. Data
on the vehicle’'s hydrodynamic charscteristics, including vehicle accelera-
tions and angular rates, had to be recorded on board the test vehicle during
water entry and the initlial part of the underwvater trajectory. To retrieve
the data, the decision was made to attempt recovery of the complete vehicle
which would also allow reuse of the vehicle for future testing. The recov-
ery system includes a 4.2-ft-diameter ribbon parachute, a 13-ftr? flotation
bag, and a gas generator for inflating the bag. Reference 13 describes this
system in greater detail. Results of the tests, along with a description of
the recovery system, are summarized here.

Recovery Systes Requirements

A typical flight includes launch of the test payload by a single or
two-stage solid rocket motor beoster system followed by impact in the ocean
at the desired test conditions. A timer is started st impact and approxi-
mately four seconds later the recovery systeu is deployed. The vehicle
velocity is decreased by the drag of the parachute and the buoyant force
developed by the flotation bag. The downward velocity is arrested and the
vehicle returns to the surface. To maximize the time for data gathering
vithout making the recovery system design unnecessarily difficult, the
following requirements were established:

. Vehicle weight in air ........... 800 1bs
Vehicle wei{ght {n water ......... 640 lbs
Maximum velocity at recovery .... 55 ft/sec
Typical recovery depth .......... 400 ft
Maximum reccvery depth .......... 600 ftr
Underwatex Recovery System Desigo

The recovery system requirements indicated that the decelerator chosen
must be capable of withstanding substantial loads since the dynamic pressure
at deployment is approximately 3000 lbs/ft?. For this application, a 20°
conical ribbon parachute was selected. The parachute is 4.2 ft {n construc-
ted diameter, has 16 gores, and a suspension line length of 65 inches. Nine
horizontal ribbons were spaced to give an unstrained geometric porosity of
10.7xs.

The design of the flotation bag was not as straightforward as the
design of the decelerator. To insure an adequate buoyancy margin, {t was
decided to use a flotation bag with a volume of 13 ft?. Since the maximum
vater depth for recovery system operation was 600 ft, the pressure of the
gas for inflating the bag would have to be greater than 270 1lbs/{n? to
inflate the bag at that depth. 1f the gas source chosen could provide the
gas required for those conditions, recovery at shallow depths would result
in more gas than necessary to inflate the bag. For a closed bag, this would
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require a pressure relief valve capable of handling large flov rates. Since
the recovery systenm had to be pressure packed to fit in the vehicle, it was
decided to use a flotation bag that was open on the lower end and let the
excess gas flov out of that end. This would occur both during initial
inflation of the bag and during the ascent phase of the recovery. A cylin-
drical bag vith a saximum diameter of 18 inches and a hemispherical shape on
the closed end vas designed. With an open-ended bag, the maximum pressure
the bag would experience results from the difference in depth of the upper
and lover ends of the 98-inch-long bag (3.6 lbs/in?).

The flotation bag 1s manufactured from polyurethane-coated nylon using
ultrasonically bonded seams and is placed inside s bag made from Kevlar
cloth and vebbings. Since the bags are deployed at the maximum freestrean
dynamic pressure, the Kevlar bag protects the flotation bag during the
initial deceleration phase of the recovery and also transmits the parachute
loads into the vehicle. The source for the high pressure gas for the flota-
tion bag 1s located in the test vehicle. The open end of the bag is attach-
ed inside the recovery system storage can in a mauner than prevents the
freestream water from entering the bag, but the excess gas can be vented
when the vehicle has been slowed or has started to ascend. A schematic of
the recovery system is shown in Fig. 14,

Several methods for storing the gas required for the flotation bag were
considered during the initial stages of design of the test vehicle and
recovery syster. It soon became obvious that & stored gas system was not
possible from a weight and volume standpoint. The gystem used in this pro-
gram is a modification of the warm gas generator used to inflate the flota-
tion bags on the MK-50 torpedo. The gas generator used on this recovery
system has 2.8 1bs of ammonium nitrate propellant in a rubber-based binder
that burns and combines with 14.5 1bs of carbon dioxide to produce gas at
the pressures required for inflating the flotation bag. The gas generator
system 1s supplied by the Rocket Research Company, Redmond, Washington.

Use of the gas generator introduced several problems that had to be
considered in the design of the flotation bag system. The output tempera-
ture of the gas (600-700°F) required cooling before the gas contacted the
polyurethane-coated nylon bag material. This was accomplished by flowing
the gas through a Revlar inflation tube coated with RTV gilicone. The 4-ft-
long tube also directs the gas toward the closed end of the flotation bag.
In operation, the gas generator created a 2800 1lbs/in? pressure wave that
impacted and damaged the inflation tube vhen the burst disk operated. A
steel diffuser was installed upstream of the inflation tube to attenuate the
pressure wave. The average gas temperature in the bag when the gas genera-
tor is depleted is approximately 250°F. Since the water will cool the gas
and consequently decrease the pressure and volume, a thermal analysis vas
conducted to insure the vehicle was rising and dumping excess gas before the
gas cooled enough to zause a loss in volume. The &nalytic techniques used
are described in Reference 14.

The recovery system is packed irn a conventional deployment bag that is
12.25-inch diameter and 5-inch deep. P-essure packing is used to obtain
pack densities approaching 38 lbs/ft®. Deployment of the recovery system is
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accomplished by ejecting the vehicle aft cover plate with three thrusters.
Four-ft-long bridles sre used to attach the plate to the deployment bag.

Indexvater Recovery System Testing

Testing a recovery system with these requirements as a cosplete systea
is iwpossible other than in an actusl flight; then acquisition of any data
on systea performance becomes very difficult and expensive. Tests were con-
ducted on the components of the recovery systen. The complete system was
then tested by dropping it {nto a lake from a barge and allowing the test
vehicle to reach terminal velocity before starting the deployment sequence.
The tests conducted are described in this section.

There were several questions to be cnswered by the parachute testing:
Will the parachute inflate, how much drag {s generated, and can the Tecovery
systen be deployed from a conventional bag by ejecting the aft plate into
the vake behind the vehicle. The tow basin at the David Taylor Naval Ship
Research and Development Center, Bethesda, Maryland, was made available for
a series of tests. Carriage V of the High Speed Hydrodynamic Basin vas used
for the tests. A parachute strut was attached to the carriage vith a towving
arm, a load cell, and the test vehicle, as shown in Fig. 15. The series of
tests conducted included the body alone, the body with the aft cover attach-
ed to three bridles 4-ftr long, the body with the uninflated flotation bag
and the &4.2-ft-dismeter parachute attached, and a deployment :est of the
recovery system without the gas generator.

The drag of the predeployed parachute behind the body is shown in
Fig. 16. The drag produced by the body has been subtracted from the total
drag value, but the data does include the drag of the uninflated flotation
bag. The drag coefficient varies between 0.51 and 0.6 based on the &.2-ft
constructed diameter. The data frocm the runs with the body only and the
body with the aft cover plate in tow is presented in Table 3 The drag coef-
ficients are based on the 14.7-inch base diameter of the wehicle. The aft
cover has a 5-inch-diameter hole in the center to equalize the pressure on
both sides of the plate when the plate is attached to the vehicle. The
tests indicated that the cover plate was quite stable {n the wake behind the
test vehicle.

Total Body Plate c o
Vel. Drag Drag Drag D D
Body 50.6 608 608 NA 0.2 NA
Body & Plate 42,2 2466 423 2043 0.2 0.97
Body & Plate 50.6 3467 608 2859 0.2 0.94

Table 3. Tov Basin Test Data
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During the first entry in the tov basin, a deployment test was attempt-
ed, but a malfunction in the thrusters prevented the aft cover from separat-
ing from the vehicle. The recovery systes was successfully deployed by a
small guide surface pilot parachute thrown froam the carriage movirg at a
velocity of 25 ft/sec. The peak load measured during the test vas 8078 lbs
vith a steady state load between 4200 and 5050 1bs. A slow lateral oscilla-
tion of the parachute was noted.

After modifying the thrusters, another deployment test was attempted.
For this test, the load cell was removed to avoid any damage that might
occur due to overloading. The recovery system vas successfully deployed by
ojecting the aft cover with the three thrusters and using the drag of the
cover to deploy the packed system. The velocity of the carriage vas
42.2 fc/sec (dynamic pressure = 1783 1bs/ft2?) during the test run. Observ-
ers on the carriage, which veighs approximately 100,000 lbs, reported that
there vas no question when the parachute inflated since the carriage started
to shake at that tisme.

Preliminary tests to verify the flotation bag structure were conducted
in an open tank by sttaching the Kevlar bag to the bottom of the tank and
inflating the bag with air. Although the bag developed over 800 lbs of
buoyant force, there was no damage to either the urethane-coated nylon bag
or the Kevlar dag.

The varm gas generator was tested by the manufacturer as part of the
normal development program. One generator was discharged into a closed
chamber with extensive pressure and temperature instrumentation at a Sandia
National Laboratories test facility. The results of this test indicated
that the gas generatcr produced enough gas to meet the recovery system
requirements. o

The complete recovery system was tested at the David Taylor Naval Ship
RSD Center, Acoustic Research Detachment, Bayview, Idaho (located on Lake
Pend Oreille). The test vehicle with the recovery system was released from
a barge and alloved to accelerate to the terminal velocity with a firing
cable and safety line trailing. Uhen the vehicle reached 1 depth of 400 ft,
an electrical signal was sent to the vehicle to start the recovery sequence.
The recovery system vas deployed, and in approximately 60 seconds, the flo-
tation bag returned to the surface of the lake. It appeared that the top of
the bag rose about 5 ft above the surface, settled back to the surface, and
then sunk slowly to the end of the safety line. The safety line was attach-
ed to a winch on the barge and the vehicle was brought back to the surface
vhere it floated with about 18 inches of the flotation bag above the sur-
face. The ascent veiocity (estimated to be 10-12 ft/sec) caused the gystem
to rise high enough above the equilibrium position to allow extra gas to
wvent from the open end of the bag. The downward momentua then caused the
system to descend far enough below the new equilibrium position to start
collapsing the lower end of the flotation bag end allowing it to sink. This
scenario was later confirmed analytically.

The ribbon parachute, which was hanging to the side of the flotation
bag, did not add enough drag to control the ascent velocity. To add

]
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positive drag, s 4-ft-diameter guide surface parachute vas attached to the
flotation bag which only inflates during the ascent phase of the trajectory.
The ascent velocity with the guide surface parachute i{s spproximately

S fr/sec. 1f the ascent velocity {s too low, the cooling of the gas could
cause loss of buoyancy before the system has ascended into lower pressure
regions and starts venting gas. The test from the barge vas repeated with a
Tecovery system modified with a guide surface parachute and was completely
successful.

A recent flight test of the recovery system was csnducted from the
Sandia National Laboratories Ksual Test Facility, Hawal!. The test vehicle
entered the water at 2000 ft/sec with a flight path angle ={ 20 degrees.
The recovery systenm was programmed to be deployed 4.5 seconds afcter an
accelerometzr sensed impact with the water, but the r:est vehicle never
became buoyant and sunk in 3350 ft of water. The underwater tracking data,
wvhen it became valid about 10 seconds after water impact, indicated the
velocity of the test vehicle to be approximately 8.5 ft/sec all the way to
the bottom. This velocity had to be the result of the drag of the para-
chute. Subsequent recovery of the test vehicle and recovery system con-
firmed that the recovery system was deployed properly. A postmortem of the
vehicle showed that problems with the electrical system had allowed only one
thruster (out of three) to fire and eject the aft cover and prevented the
gas generator from igniting.
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